The microbiology of tropical wood chip storage has been examined in small experimental piles at two sites in New Guinea. Biodeterioration occurred in the forms of wood discoloration and loss of wood substance, including cellulosics; over a period of 2-4 months c. 20% per month of the chip pile by volume was seriously discoloured by microorganisms, and wood substance loss amounted to c. l' 5% per month (microscopic assessment). A range of microorganisms which produce discoloration were isolated. Decay was mainly due to soft-rotting microfungi such as Chaetomium globosum, C. thermophile, Humicola lanuginosa, Cephalosporium acremonium and Gliomastix subiculosa. Wood-rotting basidiomycetes were infrequent, although pockets of decayed (white rot) mycelial-matted chips were observed in the outer 1· 5 m during dismantling of the 4-month-old pile at Vanimo. A successional trend of colonizing microorganisms was established, and profiles of the main zones of microbiological activity have been determined. The rapid rise in temperature, which is characteristic of wood chip piles after construction, had a marked influence on the microbial populations. Thermotolerant isolates included Humicola spp., Aspergillus spp., some actinomycetes, and members of the bacterial genus Bacillus. Reasonable chemical control of biodeterioration was achieved by dipping chip samples in a 1 % solution of sodium pentachlorophenate. Three trichlorophenol formulations were less effective.
Introduction
Microbiological aspects of wood chip storage have received considerable attention overseas, but almost entirely in temperate regions (e.g. Bjorkman and Haeger 1963; Bergman and Nilsson 1967; Eslyn 1967; Shields 1967; Smith 1973) . With the rapidly expanding demand for Australasian hardwoods in paper making, attention has focussed on the problems of storing large quantities of wood in the form of chips. The microbiology of such chip piles under tropical conditions in Papua New Guinea is under investigation (Greaves 1971 (Greaves , 1973 , and this paper reports on the findings to date.
Methods
The studies have been carried out on material from a number of experimental size conical-shaped piles, 12-15 m in diameter at the base and c. 7·5 m high. Exposure sites were at Vanimo and Madang, situated 2t and 50 respectively south of the Equator. * The microbial ecology of the piles was monitored at 2, 3 and 4 months storage from pile surface to pile centre in untreated chips and, at Madang, in wood chips treated with formulations of trichlorophenol compounds and with sodium pentachlorophenate (labelled N, 0, Pm, and Q in Fig. 1 ). Biodeterioration was considered in terms of chip * Mixed rain forest tree species were chipped and piles constructed by Papua New Guinea Department of Forests at Vanimo,and by that department together with the Honshu Paper Co. at Madang. discoloration and wood substance loss, both as a result of microbiological activity. Sampling was achieved by incorporating nylon mesh bags containing c. 1 kg of fresh chips within the piles as they were being constructed. Fig. 1 shows their distribution throughout the piles. At Vanimo, pile temperatures were monitored at the sample locations during the storage period. On opening the Vanimo piles, care was taken to maintain as closely as possible these temperatures during transit from site to laboratory. Examination consisted of detailed recording of macro-and microscopic features of the chips, and isolation of the microflora. Individual chips from the samples located as shown in Fig. 1 were surface-sterilized by flaming and then particles were removed using a fine, sterilized, hacksaw blade. The particles of wood were plated out directly onto three different agars: 1· 5 % malt extract agar, 1 . 0% cellulose agar, and Oxoid nutrient agar. In addition to this qualitative study of the microflora, attempts were made on the Madang samples to quantitate the degree of colonization; chip samples were aseptically reduced to sawdust, blended in sterile water, and then plated out using serial dilution techniques. Freshly chipped wood from both Vanimo and Madang was obtained as controls to determine the microflora of unstored chips, and to note the appearance of unattacked wood. I~ 12-15 m
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All isolates were screened for their cellulolytic ability, using a cotton-derived, ball-milled cellulose powder agar as the substrate. Their wood-degrading capacity was examined by planting sterile 1 cm 3 blocks on pure agar cultures and determining weight changes and microscopic features of attack after 6 weeks incubation. In addition, wood discoloration was also studied together with an isolate's ability to produce phenoloxidase enzymes when growing on media containing tannic acid, catechol, a-naphthol, or tyrosine. As Tables 1 and 2 indicate, temperature tolerances were also established, using Cooney and Emerson's (1964) interpretation: ' ... a thermophilic fungus is one that has a maximum temperature for growth at or above 50°C, and a minimum temperature for growth at or above 20°C'.
Results and Discussion
The study of the Madang chip pile, which was conducted prior to construction of the Vanimo experimental piles, illustrated for the first time the nature of the hazard of hardwood chip storage under tropical conditions. More than 80 different microorganisms were isolated from samples A-Q (Fig. I) ; Table I lists the main identified genera. Quantitative estimates of the total microbial populations showed that positions H and I formed the zone of highest microbial activity, with counts of 7·9 X 10 6 cells per gram of wood (air-dried). The counts were made both at 25 and 45°C, using malt extract and nutrient agar. The surface layers of the pile, though yielding a variety of microorganisms, produced counts of approximately half this value. Bacteria predominated while actinomycetes became more significant in numbers toward the mid zones of the pile, i.e. 2· 5-5 m. From microscopic examination, the Madang study suggested that the extent of deterioration could be of the order of 6 % wood substance loss over the 3 months storage; microbial discoloration of the chips, caused by dematiaceous fungi and also some pigmented moniliaceae such as Fusarium spp. and
Paecilomyces varioti, together with certain bacteria, accounted for approximately 40 % of the pile volume. Phenoloxidase-producing microorganisms would also have contributed towards the discoloration. Good control of both discoloration and wood substance loss resulted from the use of sodium pentachlorophenate; the trichlorophenol compounds produced less effective control of the microbial populations.
Relative to interpretation of these results, it should be pointed out that treatments were incorporated in the Madang pile near the centre, where higher temperatures (at Vanimo, temperatures of similarly located samples ranged between 55 and 65°C) would select for thermo tolerant and thermophilic microorganisms. Bacteria predominated in these hotter zones, while actinomycetes were more frequent in the mid-zones of the pile (c. 50°C). In a separate laboratory study, many of the actinomycetes, represented mainly by the genus Streptomyces, were found to exert some antagonistic influence on fungal populations (selected from the pile mycoflora). The actinomycetes were grown in the form of a cross on malt extract agar and selected fungi were inoculated into each of the four corners thus produced on the Petri dish. Isolates tested included species from the following genera: Aspergillus, Chaetomium, Cladosporium, Fusarium, Humicola, Paecilomyces, Penicillium, Pestalotia and Trichoderma. Of these fungi, Trichoderma glaucum and T. album were the only fungi which successfully competed with the actinomycetes. The soft rot fungus, Chaetomium globosum was inhibited by two species of Streptomyces, although the discoloration-producing fungi Cladosporium herbarum and Humicola sp. were only poorly controlled. Further screening for antagonistic responses between groups of microorganisms is being undertaken with a view to the possible control of biodeterioration of the wood chips during storage. A number of the isolates were strict thermophiles, including the fungi Talaromyces emersoni, Humicola lanuginosa, H. grisea var. thermo idea and Chaetomium thermophile (after Cooney and Emerson 1964) . The latter three were also highly cellulolytic, and C. thermophile is capable of decaying wood. At Vanimo, this fungus was found to be attacking chips in the hot centre region of the pile (Fig. 1, position 5) , and from microscopic examination, 2-3 % wood substance loss had occurred from chips in this region after 4 months storage. The microscopic method of assessing wood substance loss was found to compare very favourably for the Vanimo chips with the calculated wood substance loss based on measurements of specific gravity changes (see Harries et al. 1973) . The overall wood substance losses at Vanimo were slightly less per month of storage than at Madang (2 % after 2 months, 7 % after 4 months) while discoloration of the chips was rather more severe, amounting to 33 % by volume of the total pile at 2 months and 85 % at 4 months. A higher incidence of fungi with a potential for producing discoloured chips was recorded at Vanimo, where the overall diversity of types was greater ( Table 2) .
Many of the isolates from both Madang and Vanimo were thermotolerant. Temperatures rise rapidly in wood chip piles, mainly as a result of respiring sapwood cells; it has been suggested (Springer and Hajny 1970) that the microflora of the pile do not significantly contribute to this initial heat build up. It is clear from studies such as the one reported here, that the temperature rise influences the successional trend of microorganisms, and the ability to tolerate such temperatures is an important characteristic in determining the type of microorganism which develops in chip piles. The Humicola isolates represent a highly successful group from this point of view, having been isolated from chip piles all over the world (e.g. Nilsson 1965; Smith 1973) ; catalogues of microorganisms in chip piles subject to vastly different storage conditions show a large percentage of fungi common throughout. This suggests that as a general rule climatic conditions have little effect on the overall microflora of wood chip piles, whether storage occurs in the tropics or in temperate countries. There are exceptions, of course, and certain groups are influenced by the species of wood being stored while others do respond to external climatic factors. These exceptions include the basidiomycetes. For example, relatively severe losses of wood substance by a range of basidiomycetes have been reported for pine, spruce, birch and aspen chip piles stored in Sweden (see Nilsson 1973) . In the present study, only two basidiomycetes were isolated from the chip piles in New Guinea, although Coprinus sp. and Volvaria volvacea were observed fruiting on the pile surfaces. Much of the decay was attributable to softrotting microfungi, such as Chaetomium globosum, C. thermophile, Humicola lanuginosa and Phialophora sp.
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3'5m Unstored fresh control chips yielded relatively large microbial populations. Newly felled timber tends to be colonized very quickly by soil microorganisms, and these would serve as an initial inoculum when the material is chipped. However, this flora is rapidly replaced during the storage period, moniliaceous fungi predominating. At Vanimo, actinomycetes appeared to be mainly primary colonizers, while bacteria persisted and increased in diversity as the chips became older; at Madang they accounted for a large proportion of the total population.
The main zones of microbial activity have been schematically summarized in Fig. 2 , which was constructed from close observation of piles as they were being broken down for sample recovery. After storage for 4 months the main zone of microbiological activity included small pockets of decayed chips tightly interwoven by fungal mycelium; the attack was typical of a white rot fungus.
Practical Considerations
According to Phillips and Logan (1973) in a parallel study of the paper making properties of the same chips, there was no reduction in paper pulp yield (based on weight of stored wood), and only a slight reduction in pulp brightness, during the storage period at Vanimo. However, their samples did not fully represent the most severe zone of discoloration and decay as shown in Fig. 2 , and according to macroand microscopic examination (positions Y, 1, X, and Z, Fig. 1 ) a significant loss of cellulosics took place and discoloration was extensive. Microbial discoloration is difficult to bleach from pulped chips, and though some non-microbial chip staining was noted in the New Guinea piles (up to 25% after 4 months at Vanimo), a greater reduction in pulp brightness than indicated by Phillips and Logan (1973) had probably occurred. Stored wood chips usually lose residual starch, polysaccharides, etc. and often extractives also. Pulp yields when calculated on the weight of the depleted stored wood are thus observed to increase. Microbial attack of cell walls and the removal of cellulosics either offsets this calculated increase or is so great that yields decrease.
Cell wall degradation is accompanied by variable alterations in wood permeability. Pulping liquor may therefore permeate the chips more readily, but by the same token the variability in the degree by which pulping is thus made easier may itself be a disadvantage in the paper making process. On the other hand, a distinct advantage of microbial attack during storage is the possibility of selective removal of lignin from the wood. So far, however, the chip pile microflora has not included a microorganism which does not attack the cellulose while degrading the lignin in cell walls.
A further, more important consideration as far as the chip producer in the Papua New Guinea situation is concerned, is the fact that microbial wood substance losses produce a loss in chip yield from the log during storage. Although this loss may be outweighed by other factors, such as a higher yield of pulp from stored chips, it is considered important to seek control measures, and the relative efficiency of sodium pentachlorophenate is encouraging. Since the microbial populations resemble those isolated from chip piles in other countries, it is possible that control measures examined there, e.g. nickel-based preservatives, 8-hydroxyquinoline sulphate, dithiocarbamate, etc. (see Springer et al. 1973) , have potential for tropical application.
Main Conclusions
Mixed hardwood chip piles stored under tropical conditions are subject to serious biodeterioration from a diverse microflora. The attack progresses with storage, the rate being c. It% (by volume) per month wood substance loss, and c. 20% per month wood discoloration. Sodium pentachlorophenate effectively controls the biodeterioration. An abundant microflora is established during storage, and the successional trend of microorganisms is affected by the build-up in temperature which occurs within the chip piles. Species of Aspergillus and Humicola are highly successful colonizers and exhibit a wide range of temperature tolerance. Actinomycetes and bacteria, notably Bacillus species, are also prominent among the wood chip microflora. Basidiomycete decay fungi are not common, and the main attack of wood cells is brought about by soft-rotting microfungi such as Chaetomium globosum, C. thermophile, Cephalosporium acremonium, Gliomastix subiculosa and Humicola lanuginosa.
